Abstract-We experimentally demonstrate resonantly enhanced nonlinear optical processes such as 2nd-, 3rd-, and 4th-harmonic generations, sum-frequency generation, four-wave mixing processes, etc., in the visible and near-IR using GaAs dielectric metasurfaces.
I. INTRODUCTION
The development of nano-lithography technique quickly led to the discovery of novel nonlinear optical processes in artificial materials, or so called "metamaterials". Light confinement in metamaterials, as well as their surface nonlinearity leads to the enhancement of electromagnetic fields which generate much higher nonlinear conversion efficiencies than in the same bulk materials. Moreover, due to the relaxed phase-matching requirements, various nonlinear optical processes can be observed simultaneously. For example, plasmonic nanostructures have been intensively employed to study second-, third-harmonics generations (SHG, THG), high harmonic generations, four-wave mixing process (FWM), etc. [1] [2] [3] [4] . Recently, dielectric metasurfaces operating below the semiconductor bandgap showed large nonlinear susceptibilities in comparison with plasmonic materials. However, nonlinear frequency conversions beyond second-, third-harmonic and sum-frequency generations (SFG) [5, 6] , have never been observed in dielectric metasurfaces. Here, we show that various nonlinear effects can occur simultaneously in GaAs dielectric metasurfaces, including SHG, THG and fourth-harmonic generation (FHG), SFG, four-wave mixing and six-wave-mixing (SWM).
II. FREQUENCY-MIXING IN DIELECTRIC METASURFACES

A. Sample
We fabricated the metasurfaces starting from molecular beam epitaxial growth of a 400-nm-thick layer of Al 0.85 Ga 0.15 As followed by a 450-nm-thick layer of GaAs. Electron-beam lithography and dry etching were used to define the metasurface geometries. Fig. 1(a) shows an SEM image of III-V dielectric metasurfaces consisting of a square array of GaAs nanodisk resonators that are spatially separated from GaAs substrate by AlGaO [7, 8] , and covered on top by SiO 2 .
B. Experimental setup and spectrum of GaAs metasurface
Frequency mixing processes in the GaAs metasurface sample were studied using two near-infrared femtosecond beams (1240 nm and 1570 nm) that can be spectrally tuned independently. These two beams were generated from an amplified Ti:sapphire laser that pumps a twin-opticalparametric-amplifier. Up to ~10 μW average powers of the pump beams are used to incident on the metasurfaces . The focal spots of the pumps were ~20 μm in diameter. Fig. 1(b) shows the reflectivity spectrum of the metasurface with nanodisk diameter of ~420 nm. The arrows indicate the spectral peak of the pumps wavelengths. The optimization of the frequency-mixing signal was achieved by 978-1-5386-0737-4/17/$31.00 ©2017 IEEE Fig. 1(c) shows the spectrum of harmonics generation in the GaAs metasurface that was obtained using one pump beam centered at ~1570 nm. We observe the generation of SHG and THG, and for the first time to our knowledge the FHG in dielectric metasurfaces (inset in Fig.1(c) ). Higher harmonic generation can be expected by optimizing the sample dimensions and pump wavelengths, as well as reducing the material absorption using AlGaAs instead of GaAs. The peak centered at ~870 nm corresponds to the photoluminescence of GaAs induced by two-photon-absorption of the pump.
C. SHG, THG, FHG harmonics generations
D. Frequency-mixing nonlinear processes
In a two-beam experiment when the laser pulses are spatially and temporally overlapped at the surface of the sample, we observe total eleven spectral peaks spanning from UV to nearinfrared and the nonlinear process for each of them is noted in Fig. 2(a) . The generated frequencies can be categorized into two groups: the ones relying on only one pump beam such as SHG, THG and FHG; and the ones relying on both pump beams such as SFG, FWM, as well as other third-and fifthorder nonlinear frequency-mixing processes. Fig 2. (a) The spectrum of frequency-mixing when the two pump pulses are temporally overlap showing all of the newly generated frequencies originating from various nonlinear optical processes. (b) The evolution of the frequencymixing spectra when the delay between the two pump pulses varies.
(c) Dependence of the SFG and FWM 2ω1−ω2 processes on the power of the ω1 pump beam. (d) Spectra of 4ω2−ω1 frequency mixing process when the λ1 pump wavelength is tuned. The pump λ2 is fixed at 1560 nm, and the pump λ1 wavelengths are shown by color. Arrows indicate the calculated wavelength positions of SWM process. Fig. 2(b) shows a time-dependent measurements of nonlinear frequency-mixing spectra. The SHG, THG are observed regardless of the delay. The frequency-mixing processes such as SFG, FWM 2ω 1 −ω 2 , 2ω 1 +ω 2 , and ω 1 +2ω 2 appear only when the two pump pulses overlap at the metasurface. We identify and confirm these mechanisms by wavelength tuning as well as measuring the power dependence. Fig. 2(c) shows the dependence of the two frequency mixing processes on the power of the ω 1 pump beam. As expected linear dependence is observed for SFG process and quadratic for FWM 2ω 1 −ω 2 process. The fifth-order nonlinear effect of 4ω 2 −ω 1 frequency mixing corresponds to the ~570 nm peak shown in Fig. 2(a) . This process is confirmed by ω 1 pump wavelength tuning, measured spectra is shown in Fig. 2(d) . Good agreement of experimental SWM peaks position with calculated ones were found. Our demonstration of frequency-mixing in dielectric metasurfaces not only brings new insight into the nonlinear optical generation in nanostructures but also paves the road for realizing ultra-compact broadband coherent light emitters using metasurfaces.
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